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The effect of phosphatidyinositol-specific phospholipase C (PI-PLC) on mouse sperm–egg interaction was investigated in
this study to determine if glycosyl-phosphatidylinositol (GPI)-anchored proteins are involved in mammalian fertilization.
When both sperm and zona-intact oocytes were pretreated with a highly purified preparation of PI-PLC and coincubated,
there was no significant effect on sperm–zona pellucida binding; however, fertilization was reduced from 59.6% (control
group) to 2.8% (treatment group). A similar reduction in fertilization rates was found when zona-intact oocytes were treated
with PI-PLC and washed prior to incubation with untreated sperm. The effect of PI-PLC on sperm binding and fusion with
zona-free oocytes was then investigated. Treatment of sperm with PI-PLC had no significant effect on sperm–egg binding
or fusion. However, treatment of eggs with PI-PLC significantly reduced sperm–egg binding and fusion from 6.2 bound and
2.1 fused sperm per egg in the control group to 2.1 bound and 0.02 fused sperm per egg in the treatment group. This decrease
in sperm–egg binding and fusion depended on the dose of PI-PLC employed, with a maximal inhibitory effect on binding and
fusion at 5 and 1 U/ml, respectively. PI-PLC-treated oocytes could be artificially activated by calcium ionophore,
demonstrating that the oocytes were functionally viable following treatment. Furthermore, treatment of oocytes with
PI-PLC did not reduce the immunoreactivity of the non-GPI-anchored egg surface integrin, a6b1. Taken together, these
observations support the hypothesis that PI-PLC affects fertilization by specifically releasing GPI-anchored proteins from
the oolemma. In order to identify the oolemmal GPI-anchored proteins involved in fertilization, egg surface proteins were
labeled with sulfo-NHS biotin, treated with PI-PLC, and analyzed by two-dimensional gel electrophoresis followed by avidin
blotting. A prominent high-molecular-weight protein cluster (;70 kDa, pI 5) and a lower molecular weight (;35–45 kDa,
pI 5.5) protein cluster were released from the oolemmal surface as a result of PI-PLC treatment. It is likely that these
GPI-anchored egg surface proteins are required for sperm–egg binding and fusion. © 1999 Academic PressKey Words: sperm–egg interaction; PI-PLC; GPI-anchored proteins; two-dimensional gel electrophoresis.
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Mammalian fertilization may be defined as a series of
gametic interactions in which capacitated sperm must first
penetrate the cumulus cells and zona pellucida (the egg
vestments), and then bind to and fuse with the egg plasmap
i
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334embrane (oolemma). The initial binding event between
ametes is known as primary binding and occurs, in the
ouse model, when the zona pellucida protein, ZP3, binds to
receptor(s) on the sperm (reviewed in McLeskey et al., 1998).
his binding event also initiates the acrosome reaction in
hich hydrolytic enzymes are released from the acrosomal
ompartment and act on the zona pellucida to facilitate
enetration of the zona pellucida by sperm. Zona penetration
s known as secondary binding and is mediated by the zona
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335GPI-Anchored Oolemmal Proteinsprotein, ZP2, and one or more molecules on the inner acroso-
mal membrane (reviewed in Snell and White, 1996).
Upon emergence from the zona pellucida, sperm then
cross the perivitelline space and bind to and fuse with the
oolemma. The molecular basis of sperm–oolemma binding
and fusion has yet to be fully elucidated; however, recent
evidence has demonstrated that integrins are involved in
the interaction. Almeida et al. (1995) found that when
ocytes were treated with monoclonal antibodies against
he egg surface integrin, a6b1, mouse sperm–oolemma
inding was reduced. Further, these investigators reported
hat somatic cells which express a6b1 bind mouse sperm
vidly while somatic cells that lack a6 or b1 do not. A
proposed sperm surface ligand for a6b1 is fertilin. Fertilin
contains a domain homologous to a family of integrin
ligands known as disintegrins (Blobel et al., 1992), which
suggest a cell adhesion function for the molecule. Also,
recombinant fertilin is known to bind to the oolemma
(Evans et al., 1997; Bigler et al., in preparation), with both
monoclonal antibodies to fertilin (Primakoff et al., 1987)
and fertilin peptide analogs (Almeida et al., 1995; Evans et
al., 1995) blocking sperm–oolemma binding and fusion.
It is likely that sperm–egg binding and fusion requires
multiple receptor–ligand interactions and other oolemmal
proteins will be identified which are also involved in the
fertilization process. In fact, there is indirect evidence
implicating other oolemmal proteins in sperm–egg interac-
tion. A purified sperm-associated protein (protein DE)
which is involved in fusion in the rat binds to the surface of
zona-free rat oocytes (Cohen et al., 1996). Another putative
oolemmal sperm receptor is removed from the surface of
radioiodinated mouse eggs following trypsin treatment and
reappears on the egg surface after 3–6 h of culture (Kellom
et al., 1992). The reappearance of this 94-kDa protein on the
egg surface coincides with the ability of the trypsin-treated
eggs to be penetrated by sperm.
In the present study we show that egg surface glycosyl-
phosphatidylinositol (GPI)-anchored proteins are required
for sperm to bind to and fuse with the egg. GPI-anchored
proteins possess a covalently linked glycosylated phospha-
tidylinositol moiety which serves to attach the protein
portion of the molecule to the cell surface lipid bilayer (Low
and Saltiel, 1988). Proteins linked to the cell surface via a
phosphatidylinositol anchor are known to be involved in a
wide variety of cellular functions including T cell activa-
tion, hydrolysis of extracellular matrix proteins, transduc-
tion of extracellular stimuli, and cell–cell adhesion (re-
viewed in Low and Saltiel, 1988). GPI-anchored proteins
can be released from the cell surface by treatment of cells
with the highly specific enzyme phosphatidyinositol-
specific phospholipase C (PI-PLC) (Low and Finean, 1978).
Therefore, treatment of intact cells with PI-PLC has be-
come a useful tool to characterize the released proteins and
to investigate the role of GPI-anchored proteins in cell
function.
Copyright © 1999 by Academic Press. All rightThe role of GPI-anchored proteins in gamete interaction
has yet to be thoroughly investigated. Mouse sperm surface
hyaluronidase (also known as PH-20) is GPI-anchored and is
thought to aid sperm in passage through the cumulus
oopherous and possibly the zona pellucida by hydrolyzing
the extracellular matrix protein, hyaluronic acid (Gmachl
and Kreil, 1993; Myles and Primakoff, 1997). Sperm agglu-
tination antigen-1 (SAGA-1) is another sperm surface pro-
tein which has been shown to be GPI-linked. While its role
in fertilization has yet to be elucidated, in vitro assays have
demonstrated that anti-SAGA-1 monoclonal antibodies ag-
glutinate human sperm (Diekman et al., 1997).
Regarding previous reports of the presence of GPI-
anchored proteins on oocytes; a PI-PLC-sensitive GPI-
linked protein, N-acetylglucosaminidase, is cleaved from
the surface of Ascidian eggs following fertilization and
occupies sperm binding sites on the vitelline coat to protect
the egg against polyspermy (Lambert and Goode, 1992). Less
is known about the existence of GPI-anchored proteins on
the mammalian egg surface. Hirao and Yanagimachi (1978)
treated hamster oocytes with a variety of enzymes includ-
ing proteases, lipases, and glycosidases and found that only
phospholipase C (PLC) blocked sperm–egg fusion. Boldt et
al. (1988) treated mouse oocytes with PLC and found that
the enzyme inhibited sperm–egg binding but did not inhibit
sperm–egg fusion. However, due to the broad specificity of
PLC for a variety of phospholipids, it was not possible to
determine if the inhibitory effects on fertilization were due
to the specific release of oolemmal GPI-anchored proteins.
In the only previous report which investigated the effects of
PI-PLC on mammalian fertilization, Clark and Koehler
(1988) treated hamster oocytes with PI-PLC for 3 min and
found that the enzyme had a slight, but significant, inhibi-
tory effect on sperm–egg fusion.
In our initial studies, we found that mouse fertilization
was blocked when sperm and zona-intact eggs were pre-
treated for 30 min with a highly purified preparation of
recombinant PI-PLC prior to gamete coincubation. We then
investigated if one or both gametes were affected by PI-PLC
and the stage in the fertilization cascade at which PI-PLC
exerted its inhibitory effect. Upon finding that PI-PLC
treatment of zona-free oocytes, but not sperm, blocked
sperm–egg binding and fusion, we began characterization of
the released oolemmal GPI-anchored protein(s) using two-
dimensional (2-D) gel electrophoresis and cell surface label-
ing.
MATERIALS AND METHODS
PI-PLC Preparation
Purified recombinant PI-PLC was a generous gift from Dr.
Martin Low (College of Physicians and Surgeons of Columbia
University). The enzyme was isolated from cultured supernatants
of Bacillus subtilis (BG2320) transfected with the PI-PLC gene from
s of reproduction in any form reserved.
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336 Coonrod et al.B. thuringiensis (Henner et al., 1988). For details on PI-PLC
purification see Low et al. (1988).
In Vitro Assays
Gamete preparation. Preparation of mouse gametes for IVF
as carried out essentially as described by Bleil (1991). Incubation
f mouse gametes was performed in microdrops under paraffin oil
t 37°C and 5% CO2 in Medium 199 (M199, Gibco, Grand Island,
NY) supplemented with 4 mg/ml bovine serum albumin (BSA,
Sigma, St. Louis, MO) and 3.5 mM sodium pyruvate (Gibco).
Epididymides were collected from sacrificed ICR strain retired
breeders, placed in 250 ml medium, and minced with watchmaker
forceps, and sperm were allowed to swim out from the epididymi-
des for 15 min. The sperm suspension was then placed under 1.5 ml
medium and sperm were allowed to swim up for at least 1 h.
Cumulus–oocyte complexes were collected from superovulated
ICR strain females in M199. Cumulus cells were removed by
treating eggs for 3 min with 1 mg/ml hyaluronidase (Sigma) in
M199 and the oocytes were washed by passing the eggs through
50-ml drops of medium covered with mineral oil using a pulled,
heat-polished, Pasteur pipette (employed in all experiments).
Sperm–zona binding and fertilization of zona-intact oocytes
following pretreatment of sperm and eggs with PI-PLC.
Swim-up sperm (approximately 3 3 106 sperm/ml) were treated for
30 min with either 1 U/ml PI-PLC or 1 U/ml of heat-inactivated
(95°C for 5 min) PI-PLC in 100 ml of M199 under oil. Zona-intact
oocytes (approximately 30 eggs per group) were treated for 30 min
with either 1 U/ml PI-PLC or 1 U/ml inactivated PI-PLC in 100 ml
of M199 under oil. Treated sperm were then added to the incuba-
tion drops containing treated eggs with a final droplet volume of
100 ml and a final sperm concentration of 1 3 106 sperm/ml. Thus,
PI-PLC was present in the incubation droplet during gamete
interaction.
For the sperm–zona binding assay, the gametes were coincubated
for 1 h, washed gently 33 in M199, and fixed in PBS containing 4%
paraformaldehyde for 1 h. To quantitate binding, the oocytes were
placed in a PBS/4% paraformaldehyde solution between a micro-
scope slide and an elevated coverslip. The oocytes were visualized
at 2003 using a light microscope (Zeiss Axioplan) and a single focal
plane for each oocyte was selected in which the widest diameter of
the zona pellucida could be visualized. The number of bound sperm
in that focal plane was then determined.
To study fertilization of zona-intact oocytes, sperm were added
to oocytes, and the gametes were cocultured for 2 h, washed 33 in
M199 to remove the PI-PLC and supernumerary sperm, and incu-
bated overnight at 37°C and 5% CO2. To visualize sperm located
ithin the perivitelline space following overnight incubation,
ametes were incubated in 1 mM Hoechst dye 33342 (Sigma) for 10
in and washed 63 in M199. The zygotes were then viewed at
003 as described above and zygotes with two blastomeres were
cored as fertilized while one-celled oocytes were scored as unfer-
ilized.
Fertilization of zona-intact oocytes which had been pretreated
ith PI-PLC and washed prior to incubation with untreated
perm. Zona-intact oocytes (approximately 20 eggs per group)
ere treated for 30 min with either 1 U/ml PI-PLC or 1 U/ml
nactivated PI-PLC in 100 ml of M199 under oil. The oocytes were
then washed through six drops of M199. Untreated sperm were
then added to the incubation drops containing treated eggs at a final
volume of 100 ml and sperm concentration of 1 3 106 sperm/ml. w
Copyright © 1999 by Academic Press. All righthe gametes were then cocultured for 2 h, washed 33 in M199, and
ncubated overnight at 37°C and 5% CO2. Zygotes with two
lastomeres were scored as fertilized while one-celled oocytes were
cored as unfertilized.
Sperm–oolemma binding and fusion following pretreatment of
ither sperm or zona-free eggs with PI-PLC. Zonae pellucida
ere loosened by treating eggs with M199 containing 10 mg/ml
chymotrypsin (Sigma) for 1 min. The eggs were then washed 63 in
M199 and loosened zonae were removed by mechanical agitation
using a pulled Pasteur pipette. The eggs were allowed to recover
from chymotrypsin treatment for 4 h in M199. The oocytes
(approximately 15 oocytes per group) were then preloaded with 1
mM Hoechst dye 33342 (Sigma) for 10 min and washed 63 in M199.
wim-up sperm were collected and prepared as described above and
llowed to capacitate for 4 h during the oocyte recovery period. To
valuate the effect of treating only sperm with PI-PLC on subse-
uent sperm–egg binding and fusion, swim-up sperm (approxi-
ately 3 3 106 sperm/ml) were treated for 30 min with either 1
U/ml PI-PLC or 1 U/ml of heat-inactivated PI-PLC in 100 ml of
199 under oil. The sperm were then washed 23 by centrifugation
5 min at 1000g) in 5-ml volumes of M199 in 15-ml centrifuge tubes
o remove the PI-PLC. The treated sperm were then added to
ntreated eggs (approximately 15 eggs per group) at a concentration
f 1 3 105 sperm/ml and the gametes were coincubated for 40 min
in 20-ml drops followed by gentle washing.
To evaluate the effect of treating only oocytes with PI-PLC on
ubsequent sperm–egg binding and fusion, the eggs were treated
ith either 1 U/ml PI-PLC or heat-inactivated PI-PLC for 30 min in
0-ml drops of M199 and washed through six 50-ml drops of M199
to remove the PI-PLC. The treated eggs were then incubated with
untreated sperm (1 3 105 sperm/ml) for 40 min in 20-ml drops
containing approximately 15 oocytes per group followed by gentle
washing of the eggs in M199. To determine if the effect of PI-PLC
on zona-free oocytes was dose-dependent, oocytes were treated
with either 5 U/ml heat-inactivated PI-PLC or increasing concen-
trations of PI-PLC (0–5 U), washed, and incubated with untreated
sperm as described above. To evaluate sperm–egg binding and
fusion, the eggs from each group were then placed in M199 between
a microscope slide and an elevated coverslip and visualized at
2003. Binding to the egg was scored by counting the total number
of sperm bound per oocyte using phase contrast. Fusion with the
egg was scored by counting the number of decondensed sperm
heads within each oocyte using fluorescence microscopy.
Artificial activation of oocytes following PI-PLC treatment. In
rder to ensure that PI-PLC treated eggs remained viable following
I-PLC treatment, zona-free eggs were treated with either 1 U/ml
I-PLC or 1 U/ml heat-inactivated PI-PLC for 30 min as described
n the sperm–oolemma binding and fusion assay. Immediately
rior to egg activation, a small sample of oocytes were visualized
sing fluorescence microscopy to ensure that the main pool of
ocytes were in metaphase II arrest following PI-PLC treatment.
he remaining oocytes were activated by placing the eggs in 0.5
mM calcium ionophore (A23187, Sigma) for 5 min followed by three
washes. The eggs were incubated for 40 min and oocytes were
observed as described above. The eggs were considered activated if
they had advanced from metaphase II arrest to anaphase II or
telophase II (with second polar body).
Binding of beads coated with anti-integrin antibodies to eggs
following PI-PLC treatment. Yellow-green sulfate-derivatized la-
tex beads (0.2 mm) (Molecular Probes, Eugene, OR) were coated
ith the GoH3 mAb (IgG2a) to the a6 integrin subunit or an
s of reproduction in any form reserved.
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337GPI-Anchored Oolemmal Proteinsirrelevant control mAb (anti-MLV) of the same isotype as follows:
beads from 10 ml of a 2% bead suspension were incubated with 10
ml of antibody (0.4 mg/ml) for 3 h at 4°C on an orbital platform
ixer (Clay Adams, Parsippany, NJ). Beads were then washed twice
ith PBS, quenched for 1 h with 0.2 mg/ml goat anti-rabbit IgG
Sigma), washed twice with PBS, and then resuspended to 0.2% in
BS. Beads were used on the day of preparation and were sonicated
times for 5 s each at 4°C immediately prior to use. Next, 20–40
ona-free eggs were either mock-treated or treated with 1 U/ml
I-PLC for 30 min and washed, and the protein-coated fluorescent
eads (final concentration 0.02%) were added to each group. The
ggs were incubated in a 5% CO2 incubator and gently agitated
every 15 min. After 1 h at 37°C, the eggs were washed through
three 100-ml drops of fresh medium using an ;100-mm glass
pipette. Following washes the eggs were placed in 24-well dishes in
small drops and overlaid with light mineral oil for imaging by
confocal microscopy.
Two-Dimensional Gel Electrophoresis
Cumulus–oocyte complexes were collected and cumulus cells
were removed as described above. To facilitate the collection of
large numbers of zona-free oocytes for optimization of the 2-D gel
electrophoresis experiments, acid Tyrodes was used to removed the
zona pellucidae instead of chymotrypsin for most of the experi-
ments. To ensure that the acid Tyrodes method of zona removal did
not affect the experimental outcome, the experiment was also
performed using oocytes which had their zona removed using the
chymotrypsin treatment method described above and the Results
were compared.
For removal of zonae using acid Tyrodes, oocytes were placed in
acid Tyrodes for 15 s followed immediately by four washes in M199
(Evans et al., 1997). The eggs were then allowed to recover for 4 h
t 37°C and 5% CO2. The eggs were then washed six times in BWW
medium (Irvine Scientific, Santa Ana, CA) containing 100 mg/ml
polyvinylalcohol (PVA, Sigma), biotinylated with 2 mg/ml Sulfo-
NHS biotin (Pierce, Rockford, IL) in BWW/PVA for 7 min at room
temperature, and washed six times in BWW/PVA. The eggs were
then split into two groups of 100 and either mock-treated or treated
with 1 U/ml PI-PLC in 20-ml drops for 30 min. The supernatants
were removed, the eggs were washed six times, and the oocytes and
the oocyte supernatants were then frozen at 270°C in BWW/PVA
containing protease inhibitors (Complete, Boehringer Mannheim,
FIG. 1. PI-PLC treatment of gametes has no effect on sperm–zo
blocked. Both sperm and eggs were separately treated with 1 U/ml
PI-PLC. To evaluate the effects of PI-PLC on sperm–zona binding, th
for observation (see Materials and Methods). A single focal plane
pellucida could be visualized and the number of sperm in that foca
was noted between the control group treated with inactivated PI-PL
on fertilization, the oocytes were washed following 2 h of gamete
significant decrease in the number of fertilized oocytes (as determi
control group (C). In (C) and (D), zygotes were treated with 1 m
accumulated in the perivitelline space of the PI-PLC treated group
contrast. Images for (C) and (D) (2003, insets 4003) were recorded u
shown quantitatively in the histogram (E). Bars represent means 1/2
number of oocytes per group. *P #0.05 (Student’s T test).
Copyright © 1999 by Academic Press. All rightMannheim, Germany). The oocytes and supernatants were ex-
tracted in Celis lysis buffer containing 2% (v:v) NP-40, 9.8 M urea,
100 mM dithiothreitol (DTT), 2% ampholines (pH 3.5–10), and
protease inhibitors for 30 min at room temperature (Rasmussen et
al., 1991). Isoelectric focusing (IEF) was performed using the
Mini-PROTEAN II tube cell (Bio-Rad, Richmond, CA) apparatus
and protocol with an ampholine mixture (Pharmacia Biotech,
Uppsala, Sweden) of pH 3.5–5 (30%), 3.5–10 (40%), 5–7 (20%), and
7–9 (10%). The tube gels were placed on 12% minislab gels and the
focused proteins were separated in the second dimension at 20 mA
per gel. The proteins were then electroblotted to nitrocellulose
membranes at 125 mA for 45 min. The nitrocellulose membranes
were blocked in PBS with 0.1% Tween and 5% dried milk for 30
min at room temperature, washed 13 in PBS/0.1% Tween, and
probed with 20 mg/ml streptavidin-HRP (Pierce) for 30 min at room
temperature. The blots were washed 33 15 min in PBS/0.1%
Tween (10 min per wash) and developed using enhanced chemilu-
minescence (Amersham Corp, Buckinghamshire, UK) for 5 min. As
a control for determining the charge, mass, and location of the
PI-PLC enzyme, one unit (1 mg) of the PI-PLC preparation was
mixed with Celis buffer and separated on a two-dimensional
electrophoretic gel as described above and silver stained according
to Hochstrasser et al. (1988).
Statistical Analysis
All in vitro assays were repeated at least three times. Experimen-
tal and control group averages were reported as means 1/2 the
standard deviation. Groups were compared using the Student T test
and differences were reported at the 0.05 level of significance.
RESULTS
In Vitro Assays
Coculture of mouse sperm and zona-intact eggs in the
presence of PI-PLC had no effect on sperm–zona pellucida
interaction; however, fertilization was blocked. To de-
ermine the effects of PI-PLC on sperm–zona pellucida
inding, mouse sperm and eggs were pretreated separately
ith either 1 U/ml heat-inactivated PI-PLC or 1 U/ml
I-PLC for 30 min and cocultured in the presence of PI-PLC.
ellucida binding; however, fertilization of zona-intact oocytes is
LC for 30 min followed by gamete coincubation in the presence of
cytes were washed following 1 h gamete coincubation and prepared
ch oocyte was selected in which the widest diameter of the zona
e was determined. No difference in sperm–zona pellucida binding
) and the PI-PLC treated group (B). To evaluate the effects of PI-PLC
cubation and incubated overnight. Following a 24-h incubation, a
y cleavage) was noted in the treatment group (D) compared to the
oechst 33342 for 10 min and washed to visualize sperm which
D, inset). Images for (A) and (B) (2003) were recorded using phase
combined phase-contrast and fluorescence microscopy. Results arena p
PI-P
e oo
for ea
l plan
C (A
coin
ned b
M H
(Fig.
singthe standard deviation of three individual experiments. N, total
s of reproduction in any form reserved.
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339GPI-Anchored Oolemmal ProteinsFIG. 2. Treatment of sperm with PI-PLC prior to coincubation with zona-free oocytes has no effect on sperm– egg binding and fusion,
whereas treatment of eggs with PI-PLC inhibits sperm– egg binding and fusion. Zona-free oocytes were preloaded with 1 mM Hoechst
3342 for 10 min and washed. Next, either sperm (A,B) or zona-free eggs (C,D) were treated with 1 U/ml PI-PLC for 30 min and washed,
nd the gametes were coincubated for 40 min. The oocytes were then gently washed and prepared for observation (see Materials and
ethods). Sperm– egg binding was scored by counting the number of bound sperm per egg using phase contrast. Fusion was scored by
ounting the number of penetrated sperm heads using combined phase-contrast and fluorescence imaging. When only sperm were
reated with PI-PLC, no difference was noted in the number of sperm binding to and fusing with the egg when comparing the group
reated with inactivated PI-PLC (A) to the PI-PLC treated group (B). However, when eggs were treated with PI-PLC a significant
ecrease in sperm– egg binding and fusion was observed when comparing the inactivated PI-PLC group (C) with the PI-PLC treated
Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.
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340 Coonrod et al.Following 1 h of coculture, sperm were observed to bind
abundantly to the zona of both control (Fig. 1A) and treated
gametes (Fig. 1B). Quantitation revealed no significant
difference in the number of sperm bound per zona pellucida
between the control group (43.9 sperm/zona) and the PI-
PLC treated group (45.9 sperm/zona) (Fig. 1E).
To determine the effects of PI-PLC on fertilization of
zona-intact oocytes, sperm and eggs were pretreated sepa-
rately with PI-PLC as described above, cocultured in the
presence of PI-PLC for 2 h to permit fertilization, washed
33 to remove the PI-PLC and supernumerary sperm, and
incubated overnight. It is noteworthy that the molecular
mass of PI-PLC is 30–34 kDa and the zona pellucida is
freely permeable to molecules having a mass of less than
170 kDa (Legge, 1995); therefore the oolemma was likely
exposed to PI-PLC during treatment. Twenty-four hours
following gamete coculture, the majority of eggs in the
control group (Fig. 1C) had undergone cleavage, whereas
few oocytes had done so in the PI-PLC treated group (Fig.
1D). Quantitation revealed a significant reduction in the
fertilization rate from 59.6% in the inactivated PI-PLC
control to 2.8% in the PI-PLC treated group (Fig. 1E). A
most striking observation was the large number of sperm
which accumulated within the perivitelline space of un-
cleaved PI-PLC treated eggs (Fig. 1D, inset) when compared
to controls (Fig. 1C, inset).
PI-PLC effect on fertilization of zona-intact eggs. The
ertilization experiments utilizing zona-intact oocytes
emonstrated that pretreatment of sperm and eggs with
I-PLC followed by gamete coincubation in the presence of
I-PLC inhibited fertilization while sperm–zona binding
as unaffected. We next were interested in whether the
ertilization inhibition of zona-intact eggs by PI-PLC was
ue to an effect on the sperm or the egg. Therefore, we
ttempted to fertilize zona-intact oocytes using either
perm or eggs which had been treated with PI-PLC and
ashed free of enzyme prior to gamete coincubation. When
ona-intact oocytes were treated with 1 U/ml PI-PLC for 30
in and washed prior to incubation with untreated sperm,
ertilization rates were reduced from 63% in the control
roup to 3% in the PI-PLC treatment group. This reduction
n fertilization is similar to that observed when PI-PLC was
resent in the fertilization medium during gamete interac-
ion. This result suggested that PI-PLC blocked fertilization
y affecting the oolemma. Unfortunately, in evaluating the
ffect of PI-PLC on sperm, both the control and the treat-
ent groups underwent a loss in motility following cen-
rifugal washing and neither group was able to fertilize
roup (D). Several of the PI-PLC treated eggs had numerous bo
ecorded in most of these oocytes. Note: the fluorescent spot seen
003. Results are shown quantitatively in the histogram (E). Bars re
xperiments. N, total number of oocytes per group. *P #0.05 (Student’s
Copyright © 1999 by Academic Press. All rightona-intact eggs. Therefore, we were unable to establish if
I-PLC treatment affected sperm fertilizing ability using
ona-intact eggs. The reduction in motility, however, did
ot affect sperm–oolemma binding and fusion and we
roceeded to refine the locus of PI-PLC action using zona-
ree eggs.
Pretreatment of sperm with PI-PLC has no effect on
ubsequent sperm–oolemma interaction; however, pre-
reatment of zona-free oocytes with PI-PLC inhibits both
perm–egg binding and fusion. When sperm were treated
ith either 1 U/ml heat-inactivated PI-PLC or 1 U/ml
I-PLC for 30 min, washed, and incubated with untreated
ona-free oocytes, no statistical difference was observed in
perm–egg binding or fusion between the control (Fig. 2A)
nd treatment group (Fig. 2B). In the control group 5.4
perm bound per egg, whereas 8.0 sperm bound per egg in
he PI-PLC treated group (Fig. 2E). Similarly, when sperm
ere treated with PI-PLC, there was no significant differ-
nce in sperm–egg fusion when comparing the control
roup (1.7 sperm fused per egg) to the treatment group (1.5
perm fused per egg). By contrast, when zona-free oocytes
ere treated with either 1 U/ml heat-inactivated PI-PLC or
U/ml PI-PLC for 30 min, washed, and incubated with
ntreated sperm, a significant decrease in binding and
usion was observed in the treatment group (Fig. 2D) when
ompared to controls (Fig. 2C). In the control group 6.2
perm bound per egg and 1.9 sperm fused per egg compared
o the PI-PLC treated group where 2.1 sperm bound per egg
nd 0.02 sperm fused per egg (Fig. 2E). These results further
upport our hypothesis that the PI-PLC effect on fertiliza-
ion is mediated at the oolemma. Of interest was the
bservation that while most of the PI-PLC treated oocytes
ad only 0 to 2 bound sperm, a small percentage of the
reated eggs were bound by numerous sperm yet fusion was
till blocked (see oocyte indicated by arrow in Fig. 2D).
Treatment of zona-free oocytes with PI-PLC inhibits
perm–egg binding and fusion in a dose-dependent man-
er. Oocytes were treated with either 5 U/ml of heat-
nactivated PI-PLC, no PI-PLC, or increasing amounts of
I-PLC (0, 0.05, 0.1, 0.5, 1, and 5 U/ml), washed, and
ncubated with untreated sperm to determine if the inhibi-
ory effect of PI-PLC on the oolemma was dose-dependent.
esults showed that, as the concentration of PI-PLC was
ncreased, sperm–egg binding and fusion rates decreased in
dose-dependent manner (Fig. 3). The maximal inhibitory
ffect on sperm–egg binding was reached at 5 U/ml while
he maximal inhibitory effect on fusion occurred at 1 U/ml.
he recommended dose for releasing most GPI-anchored
perm (see oocyte indicated by arrow on D) yet no fusion was
ch oocyte in (D) is the metaphase plate. Images were recorded atg und s
r in eapresent means 1/2 the standard deviation of three individual
T test).
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341GPI-Anchored Oolemmal Proteinsproteins from intact cells using B. thuringiensis-derived
I-PLC is 1 U/ml (Dr. Martin Low, personal communica-
ion). The dose-dependent inhibition of both sperm–egg
inding and fusion by PI-PLC supports the hypothesis that
reating oocytes with PI-PLC releases GPI-anchored pro-
eins from the oolemma which are required for fertilization.
Purity of the recombinant PI-PLC enzyme. To evaluate
he purity of the PI-PLC preparation, an aliquot of the
nzyme was separated by 2-D electrophoresis and the gel
as silver stained. Results showed that only one prominent
rotein spot (;30 kDa, pI ;6) and several smaller protein
pots immediately surrounding the prominent protein (pos-
ibly isoforms of PI-PLC) could be visualized (Fig. 4). The
eported molecular mass of PI-PLC under reducing condi-
ions is 30–35 kDa (Low and Saltiel, 1988). These results
ndicate that the recombinant PI-PLC preparation used for
he experiments in this study was highly purified.
Treatment of zona-free eggs with PI-PLC had no observ-
ble effect on artificial egg activation. Artificial activa-
ion of oocytes was performed to ensure that the oocytes
emained viable following PI-PLC treatment. Zona-free
FIG. 3. Treatment of oocytes with PI-PLC inhibits sperm–egg bind
with 5 U/ml of heat-inactivated PI-PLC, no PI-PLC, or increasing
untreated sperm for 40 min. The oocytes were gently washed and pr
or fusion rates were not inhibited when oocytes were treated with 5
treated with increasing concentrations of PI-PLC, binding and fusio
inhibitory effect on sperm–egg binding observed at 5 U/ml and fus
of three individual experiments. N, total number of oocytes per grggs were either treated with 1 U/ml heat-inactivated
I-PLC or 1 U/ml PI-PLC and washed, and samples of
o
Copyright © 1999 by Academic Press. All rightontrol and treated eggs were observed to ensure that the
ocytes remained in meiotic arrest following PI-PLC treat-
ent. All oocytes (14 oocytes per group) which were ob-
erved in both control (Fig. 5A, inset) and treatment groups
Fig. 5B, inset) remained in meiotic arrest. The remaining
ocytes were then artificially activated with 0.5 mM cal-
cium ionophore A23187 for 5 min, washed, and cultured for
40 min. Oocytes which had progressed from metaphase II
arrest to anaphase II or telophase were scored as activated.
Following culture, there was no observable difference in the
number of eggs which resumed meiotic cell division in the
control eggs (31 of 47 oocytes activated, Fig. 5A) compared
with PIPLC treated eggs (27 of 44 oocytes activated, Fig. 5B).
Treatment of zona-free oocytes with PI-PLC does not
affect the ability of beads coated with anti-a6b1 antibod-
ies to bind to oocytes. A bead binding experiment was
performed to determine if PI-PLC treatment of zona-free
mouse oocytes affected the antibody recognition of a well-
characterized egg surface integrin. Fluorescent beads were
coated with a6b1 antibodies and incubated with either
ntreated or PI-PLC treated oocytes. No difference was
nd fusion in a dose-dependent manner. Zona-free eggs were treated
centrations of PI-PLC for 30 min, washed, and coincubated with
ed for observation (see Materials and Methods). Sperm–egg binding
f heat-inactivated PI-PLC for 30 min; however, when oocytes were
tes were inhibited in a dose-dependent manner, with the maximal
t 1 U/ml. Each value represents the mean 1/2 standard deviationing a
con
epar
U o
n rabserved in the number of a6b1 antibody-coated beads
bound per oocyte between the control (Fig. 6A) and the
s of reproduction in any form reserved.
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342 Coonrod et al.treatment group (Fig. 6B). Minimal bead binding was ob-
served when beads were coated with an equivalent concen-
tration of an irrelevant antibody and incubated with un-
treated eggs (Fig. 6C). These results indicate that treatment
of oocytes with PI-PLC does not affect the ability of the
anti-a6b1 monoclonal antibody to bind its cognate antigen
FIG. 4. Two-dimensional gel electrophoresis and silver staining
reveals that the PI-PLC enzyme preparation is highly purified. One
microgram of the enzyme preparation was separated by two-
dimensional electrophoresis and the gel was silver stained. Results
show one prominent protein spot (;MW 30 kDa; ;pI 6) and several
smaller protein spots immediately surrounding the prominent
protein.
FIG. 5. Mouse eggs treated with PI-PLC can be artificially activate
oechst 33342, washed, and treated with PI-PLC for 30 min. A sm
roup (B, inset) were observed to ensure that oocytes had remained i
ith 0.5 mM calcium ionophore A23187 for 5 min, washed, and cu
ggs which resumed meiotic cell division (as determined by oocytes
roup treated with inactivated PI-PLC (A) compared with the PI-PLC
epresentative images were recorded using combined dual-phase-contr
Copyright © 1999 by Academic Press. All righton the oolemma. Therefore, using the egg surface integrin
a6b1 as a model protein, the interactions of a non-GPI-
nchored protein are not compromised by treatment with
he PI-PLC preparation. This finding supports the hypoth-
sis that the inhibitory effect of PI-PLC on fertilization was
pecifically due to the release of one or more GPI-anchored
roteins from the oolemma following PI-PLC treatment and
ot to a nonspecific perturbation of molecules on the
lasma membrane by either PI-PLC or a contaminating
ubstance in the enzyme preparation.
Two-Dimensional Gel Electrophoresis Reveals
That Treatment of Biotinylated Oocytes with PI-
PLC Releases GPI-Anchored Proteins into the
Supernatant
Results from the in vitro assays led to the hypothesis that
reatment of the oolemma with PI-PLC released one or
ore functionally relevant GPI-anchored protein(s) from
he mammalian egg surface. Two-dimensional gel electro-
horesis was then utilized to determine if the putative
I-PLC releasable proteins could be resolved and visualized.
or these experiments 200 zona-free mouse oocytes were
iotinylated, washed six times, separated into two groups,
nd incubated with or without 1 U/ml PI-PLC for 30 min.
ollowing six washes, egg proteins were extracted. The
upernatants from the treated eggs as well as the egg
xtracts were separated by 2-D electrophoresis, electroblot-
ed to nitrocellulose membranes, and probed with
treptavidin-HRP, and biotinylated proteins were visual-
th calcium ionophore A23187. Zona-free eggs were preloaded with
umber of oocytes from the control group (A, inset) and treatment
taphase II arrest following treatment. Oocytes were then activated
d for 40 min. There was no observable difference in the number of
ressing from metaphase II arrest to anaphase II or telophase) in thed wi
all n
n me
lture
progtreated group (B). This experiment was repeated three times.
ast and fluorescence microscopy (2003; inset, 1003).
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Copyright © 1999 by Academic Press. All rightized on radiograms using enhanced chemiluminescence.
The 2-D gel repertoire of biotin-labeled egg surface proteins
present in the extracts of control eggs is presented in Fig.
7A. Approximately 20 biotin labeled proteins were resolved
ranging from approximately 35 to 120 kDa with isoelectric
points from 4.5 to 5.5. Following PI-PLC treatment of the
oocytes (Fig. 7C), a decrease in the presence of the 70-kDa
(pI 5) and 35- to 45-kDa (pI 5.5) protein clusters indicated by
arrows in Fig. 7A was observed in extracts of eggs. The three
spots denoted by asterisks in Fig. 7A represent proteins that
bound streptavidin-HRP nonspecifically and were detected
on 2-D blots of oocytes which were not biotinylated (data
not shown). 2-D gel analysis of supernatant collected from
untreated oocytes following 30 min of incubation showed
that no biotinylated egg surface proteins were released into
the medium (Fig. 7B). The repertoire of biotin-labeled pro-
teins remaining on the egg surface following PI-PLC treat-
ment is shown in Fig. 7C. Arrows denote the 70-kDa (pI 5)
and 35- to 45-kDa (pI 5.5) protein clusters which were
prominent in the extracts of untreated eggs (Fig. 7A) but
decline in intensity in the extracts of eggs treated with
PI-PLC. In contrast to the supernatant from untreated eggs
(Fig. 7B), the supernatant from eggs treated with PI-PLC
(arrows, Fig. 7D) revealed prominent 70-kDa and 35- to
45-kDa protein clusters of molecular masses and isoelectric
points similar to those of proteins released from the eggs
surface following PI-PLC treatment (Fig. 7C). It is likely
that these GPI-anchored egg surface proteins are required
for sperm–egg binding and fusion. Two minor protein spots
at ;75–78 kDa and pI 5.5 (arrowheads, Fig. 7D) were also
eleased from the egg surface into the supernatant following
I-PLC treatment. However, these proteins were seen in
nly two of five replications of this experiment.
Acid Tyrodes was used to remove the zona pellucida prior
o cell surface biotinylation in the majority of the blotting
xperiments while chymotrypsin was used to dezonulate
ocytes for the sperm–egg binding and fusion assays. To
nsure that the method of zona removal did not alter the
attern of labeled egg surface and PI-PLC released proteins,
hymotrypsin was also used to dezonulate oocytes prior to
urface labeling and avidin blotting. Other than substitut-
ng chymotrypsin to dezonulate oocytes, all conditions for
his experiment were identical to the previous experiment
sing acid Tyrodes. The repertoire of surface labeled pro-
eins present in the extracts of control eggs is shown in Fig.
A. As with the previous experiment employing acid Ty-
odes, there were 70-kDa (pI 5) and 35- to 45-kDa (pI 5.5)
rotein clusters present in the extracts of eggs which were
ot treated with PI-PLC (denoted by arrows in Fig. 8A).
hese proteins declined in intensity in the extracts of eggs
reated with PI-PLC (denoted by arrows in Fig. 8C). Protein
lusters of masses and isoelectric points similar to those of
roteins which declined in intensity following PI-PLCFIG. 6. Treatment of zona-free oocytes with PI-PLC does not
affect recognition of the a6b1 integrin by its cognate antibody.
luorescent beads (1 mM) were coated with a6b1 antibodies and
hen incubated with zona-free eggs that were either untreated or
reated with 1 U/ml PI-PLC. No difference was observed in the
umber of anti-a6b1 coated beads bound per egg when compar-
ing the control group (A) with the PI-PLC treated group (B). Few
beads bound when beads were coated with an equivalent con-reatment were observed in the supernatants from PI-PLC
reated oocytes (denoted by arrows in Fig. 8D). No surface
s of reproduction in any form reserved.
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344 Coonrod et al.labeled proteins were seen in the supernatant from oocytes
which were not treated with PI-PLC (Fig. 8B). Thus PI-PLC
releases 70-kDa and 35- to 45-kDa protein clusters regard-
less of the method of zona removal, increasing confidence
in the reproducibility of our findings.
DISCUSSION
The Effect of PI-PLC on Sperm–Egg Binding and
Fusion Is Mediated at the Level of the Oolemma
The results of the fertilization studies using zona-
intact oocytes demonstrated that fertilization in vitro is
blocked when mouse sperm and zona-intact oocytes are
FIG. 7. Two-dimensional avidin blots of biotinylated egg surface
releases 70-kDa (pI 5) and 35- to 45-kDa (pI 5.5) protein clusters from
roteins extracted from eggs which were not treated with PI-PLC.
y arrowheads) are PI-PLC-sensitive. The three protein spots
iotinylated protein spots were evident in supernatant obtained f
epertoire of biotin labeled surface proteins extracted from PI-PLC
5-kDa (pI 5.5) protein clusters which decline in intensity followin
roteins (indicated by arrowheads) with molecular weights and isoe
ollowing PI-PLC treatment. Two small protein spots at ;75–78 kD
nto the supernatant following PI-PLC treatment. These proteins wpretreated with PI-PLC prior to gamete coculture in the
presence of PI-PLC. The effect of the enzyme on fertili-
b
P
Copyright © 1999 by Academic Press. All rightation does not appear to be at the level of sperm–zona
ellucida interaction because PI-PLC had no significant
ffect on sperm–zona binding and significant numbers of
erivitelline sperm were observed in the PI-PLC treated
roup following overnight incubation. These results sug-
est that GPI-linked sperm surface proteins may not be
ssential for penetration of the zona pellucida in mice.
nother important finding from the zona-intact fertiliza-
ion studies was that when zona-intact oocytes are
reated with PI-PLC and washed prior to incubation with
ntreated sperm, fertilization is blocked. This result
ndicates that the effect of PI-PLC is mediated at the
olemma. We then used the zona-free sperm– egg binding
nd fusion assay to further establish which gamete was
ins demonstrate that treatment of zona-free oocytes with PI-PLC
egg surface. (A) The repertoire of sulfo-NHS biotin labeled surface
70-kDa (pI 5) and 35- to 45-kDa (pI 5.5) protein clusters (indicated
ed by asterisks bind streptavidin-HRP nonspecifically. (B) No
oocytes incubated for 30 min in the absence of PI-PLC. (C) The
ed eggs. Arrows represent the locations of 70-kDa (pI 5) and 35- to
-PLC treatment. (D) Supernatant from PI-PLC treated eggs reveals
ic points similar to those of proteins released from the eggs surface
d pI 5.5 (arrowheads, in D) were also released from the egg surface
only seen in two of five replications of this experiment.prote
the
The
denot
rom
treat
g PI
lectreing affected by PI-PLC treatment. Results showed that
I-PLC treated and washed sperm could bind to and fuse
s of reproduction in any form reserved.
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345GPI-Anchored Oolemmal Proteinswith untreated zona-free oocytes at levels similar to
those of controls. Therefore, the effect of PI-PLC on
fertilization does not appear to be mediated at the level of
the sperm plasma membrane. Previous investigators have
treated mouse sperm with similar PI-PLC concentrations
and found that numerous iodinated GPI-anchored pro-
teins could be visualized on 1D gel autoradiographs of
supernatants from treated sperm (Thaler and Cardullo,
1995); therefore, the lack of effect seen in this study does
not appear to be due to an insufficient enzyme concen-
tration. Perhaps the most important observation of this
study was that fertilization was blocked when either
zona-intact or zona-free eggs were treated with PI-PLC
and washed prior to incubation with untreated sperm.
These results indicate that one or more GPI-anchored
FIG. 8. Two-dimensional avidin blots demonstrating that 70-kDa
egg surface following PI-PLC treatment of chymotrypsin dezonu
proteins extracted from eggs which were not treated with PI-PLC is
obtained from oocytes incubated for 30 min in the absence of PI-P
PI-PLC treated eggs. Arrows represent the locations of 70-kDa (pI 5
following PI-PLC treatment. (D) Supernatant from PI-PLC treated e
and isoelectric points similar to those of proteins released from thoolemmal proteins are required for sperm– egg binding
and fusion.
s
s
Copyright © 1999 by Academic Press. All rightThe Inhibitory Effect of PI-PLC on Fertilization Is
Specific to GPI-Anchored Proteins
As noted in the Introduction several investigators have
previously studied the effects of various preparations of
phospholipase C (PLC) on fertilization. Most PLC has a
broad specificity for a variety of phospholipids with only
minor differences in efficiency of hydrolysis (Low et al.,
986). Several phospholipases have additional specificity for
articular phospholipid structures. The B. thuringiensis-
erived recombinant PI-PLC is specific for phosphatidylino-
itol and glycosylated phosphatidylinositol phospholipids
Low et al., 1988) and for this reason was selected for
nvestigating the role of GPI-anchored proteins in sperm–
gg interactions in this study.
Due to the broad specificity of PLC, results from previous
) and 35- to 45-kDa (pI 5.5) protein clusters were released from the
oocytes. (A) The repertoire of sulfo-NHS biotin labeled surface
ayed. (B) No biotinylated protein spots were evident in supernatant
C) The repertoire of biotin labeled surface proteins extracted from
35- to 45-kDa (pI 5.5) protein clusters which decline in intensity
eveals proteins (indicated by arrowheads) with molecular weights
surface following PI-PLC treatment.(pI 5
lated
displ
LC. (
) and
ggs rtudies investigating the inhibitory effects of PLC on
perm–egg interaction (Hirao and Yanagimachi, 1978; Boldt
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346 Coonrod et al.et al., 1988) do not directly address the hypothesis that
olemmal GPI-anchored proteins are involved in fertiliza-
ion. Also, other investigators found that while relatively
mpure PLC preparations blocked sperm–egg fusion,
purer” PLC preparations (including PI-PLC) did not affect
perm–egg fusion (Clark and Koehler, 1988). The authors
oncluded that contaminants in the “impure” PLC prepa-
ations disrupted oocyte morphology (as determined by
lectron microscopy), which in turn impaired the ability of
perm to fuse with the egg. Regarding the effects of treating
ocytes with PI-PLC, the authors did report a slight, but
ignificant, inhibition of sperm–egg fusion. In the Clark and
oehler experiments, short treatment times (3 min) were
sed for both PLC and PI-PLC treatments because of the
isruptive effect of impure PLC preparations on the oo-
ytes. However, while it is known that PLC can cause
onspecific membrane perturbations in intact cells (Mollby
t al., 1973), the same phenomenon has not been reported
or PI-PLC. Therefore, it is possible that longer treatment of
amster oocytes with PI-PLC might have generated a
reater inhibitory effect on sperm–egg fusion. In fact, we
ave recently found that when zona-free hamster oocytes
re treated for 30 min with 1 U/ml of PI-PLC, washed, and
ncubated with untreated human sperm, binding and fusion
re almost completely blocked. However, when human
perm are treated with PI-PLC, washed, and incubated with
ntreated zona-free hamster oocytes, binding is signifi-
antly enhanced while fusion is not affected. The GPI-
nchored proteins which are released from the hamster
olemma following PI-PLC treatment have also been visu-
lized on 2-D avidin blots (Coonrod et al., manuscript under
eview).
In the present study, a number of controls were per-
ormed to validate that the effect of PI-PLC on mouse
ocytes was specifically due to the release of GPI-anchored
roteins following PI-PLC treatment. When 1 mg of the
I-PLC preparation was separated by 2-D electrophoresis
nd silver stained, only one prominent protein spot (;30
Da) could be visualized. This spot corresponded to the
nticipated mass of PI-PLC. To ensure that the effect of the
nzyme on fertilization was not due to an inorganic com-
onent of the enzyme preparation, heat-inactivated PI-PLC
as used as a control for all in vitro assays. Further, the
effect of PI-PLC on fertilization was dose-dependent. The
dose–response curve trial indicated that the maximal effect
of PI-PLC on sperm–egg binding and fusion was 1–5 U/ml,
which corresponds to that which is recommended for
maximal release of GPI-anchored proteins (Dr. Martin Low,
personal communication). Importantly, oocytes which had
been treated with PI-PLC could be artificially activated
with calcium ionophore, indicating that treated oocytes
remained functionally viable. Finally, beads coated with
a6b1 antibodies could bind to PI-PLC treated eggs in aanner similar to that of controls, thus indicating that
on-GPI-linked oolemmal proteins did not appear to be
Copyright © 1999 by Academic Press. All rightffected by the PI-PLC preparation. Taken together, the in
itro data lead to the model that one or more oolemmal
PI-anchored proteins are required for fertilization and that
elease of these proteins from the oolemma following
I-PLC treatment prevents oocytes from being fertilized by
perm.
Resolution of the Repertoire of Mammalian
Oolemmal Surface Proteins Using Two-
Dimensional Gel Electrophoresis and Cell Surface
Vectorial Labeling
To our knowledge there are no previous studies which
utilize two-dimensional gel electrophoresis to visualize
surface-labeled oolemmal proteins, although several inves-
tigators have surface labeled oocytes and visualized the
proteins on 1-D blots. Boldt et al. (1989) radioiodinated
zona-free mouse eggs and found that there were 8–10 egg
surface proteins that incorporated iodine with major bands
at 145–150, 94, and 23 kDa. Flaherty and Swan (1993)
evaluated the oolemmal protein pattern of biotinylated
zona-free mouse eggs and found that there were 2 predomi-
nant bands of 82 and 69 kDa, 8 major bands, and 14 minor
bands which could be visualized. Recently, Ya Zhong et al.
(1997) investigated the pattern of human, hamster, and
mouse oolemmal proteins after biotinylation and found
that the overall staining pattern is similar between species.
In human oocytes, these investigators identified 13 biotin-
ylated protein bands in which a 71-kDa protein predomi-
nated. This study also observed the changes in the pattern
of oolemmal protein expression during oocyte maturation.
The total number of membrane proteins decrease from
germinal vesicle to MII stage oocytes, while during this
same time period, the relative proportion of the 71-kDa
band increased from 9.9 to 27%.
In the present study, the repertoire of murine oolemmal
proteins has, for the first time, been resolved using two-
dimensional gel electrophoresis and cell surface biotinyla-
tion. Results from the 2-D avidin blots (Fig. 7A) demon-
strate that there appear to be a limited number (;20) of
biotinylatable surface proteins on the mouse oolemma with
a predominant protein at ;70 kDa (indicated by the top
arrow in Fig. 7A). Further, this study has also indicated that
the method of zona removal did not significantly alter the
2-D repertoire of oolemmal proteins. We found that, while
there are some differences, the overall surface labeling
patterns are similar when comparing acid Tyrodes dezonu-
lated oocytes (Fig. 7) with chymotrypsin dezonulated oo-
cytes (Fig. 8). The majority of surface-labeled proteins
detected are acidic, with approximate isoelectric points
ranging between 4.5 and 5.5. The resolution of this cohort
of egg surface proteins by 2-D gel electrophoresis provides a
basis for proceeding with the microsequencing, identifica-
tion, and cloning of unknown proteins from oocytes.
s of reproduction in any form reserved.
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347GPI-Anchored Oolemmal ProteinsInitial Characterization of the GPI-Anchored
Proteins Released from the Egg Surface Following
PI-PLC Treatment Using Two-Dimensional Gel
Electrophoresis
The ability to visualize a repertoire of biotinylated
oolemmal proteins on 2-D avidin blots then allowed us to
determine if treatment of biotin-labeled oocytes with PI-
PLC releases oolemmal proteins from the egg surface into
the supernatant. Comparison of PI-PLC treated and un-
treated eggs as well as the egg supernatant proteins from
these groups reveal a predominant 70-kDa protein cluster
and a less prominent 35- to 45-kDa protein cluster (indi-
cated by arrows in Fig. 7A) to be released from the oolem-
mal surface into the supernatant following PI-PLC treat-
ment (Figs. 7C and 7D). The release of the 70-kDa and 35- to
45-kDa protein clusters following PI-PLC treatment was
not dependent on the method of zona removal because
these proteins were released from oocytes when either
chymotrypsin or acid Tyrodes was used to dezonulate
oocytes (Fig. 8D).
When analyzing the released protein(s) in (Figs. 7D and
8D) both the 70-kDa and the 35- to 45-kDa protein clusters
appear as a series of closely aligned columns having slightly
different isoelectric points. Previous literature on 2-D gel
protein patterns (Shackelford et al., 1980; Negm et al., 1991)
uggests that these protein clusters represent isoforms of a
lycosylated protein. It is not known at this time whether
he 70-kDa and 35- to 45-kDa protein clusters are in fact
ifferent proteins or are different isoforms of the same
rotein.
While the 70-kDa and 35- to 45-kDa protein clusters
epresent candidate mediators of sperm–egg binding and
usion, we have no direct evidence as yet that they are, in
act, required for fertilization. It is understood that there are
everal alternate hypotheses to that which we have pro-
osed. For example, it is possible that only one of the two
I-PLC-sensitive protein clusters seen on the 2-D blots is
equired for fertilization. Another possibility is that the
ertilization-related GPI-anchored proteins which are re-
eased following PI-PLC treatment cannot be visualized on
hese 2-D blots (possibly because they are resistant to
iotinylation or have molecular weights or isoelectric
oints which are outside of the gel’s resolution) and the two
rotein clusters which can be visualized play no role in
ertilization. One further possibility is that neither of the
I-PLC released protein clusters are required for fertiliza-
ion and the inhibitory effect of PI-PLC on fertilization is
ue to the enzyme altering the properties of the oolemma
y some mechanism other than the release of GPI-anchored
roteins. We are currently designing experiments to iden-
ify and clone the PI-PLC released proteins which can be
isualized on the 2-D blots of surface labeled oolemmal
roteins in an effort to elucidate the functional role of these
roteins (if any) in fertilization.
p
I
Copyright © 1999 by Academic Press. All rightPossible Role of the GPI-Anchored Proteins in the
Fertilization Cascade
The precise function of these PI-PLC-sensitive proteins in
the fertilization process is unknown at this time. One
possibility is that the molecules are involved in the block to
polyspermy as is the Ascidian GPI-anchored molecule,
N-acetylglucosaminidase (Lambert, 1989). In Ascidians,
sperm first bind to the ligand, N-acetylglucosamine, on the
vitelline coat (VC), and then penetrate through the VC and
the perivitelline space to reach the egg surface, where
sperm–egg fusion then occurs (Rosati and De Santis, 1980).
Ascidian eggs release N-acetylglucosaminidase from the
cell surface into the sea water immediately following fer-
tilization (Lambert, 1989). The enzyme can also be released
by treating Ascidian eggs with exogenous PI-PLC (Lambert
and Goode, 1992). Upon release, N-acetylglucosaminidase
then modifies N-acetylglucosamine on the vitelline coat,
thus preventing subsequent sperm penetrations. The inves-
tigators hypothesize that N-acetylglucosaminidase is re-
leased from the egg surface by the activity of endogenous
phospholipases operating on the extracellular side of the
plasma membrane (Goode et al., 1997).
In mice N-acetylglucosaminidase is also released from
oocytes following fertilization (Miller et al., 1993) and
subsequently occupies the sperm b1,4-galactosyltransferase
binding site on the zona pellucida, thus preventing
polyspermy. While the molecular mass of mouse
N-acetylglucosaminidase has yet to be determined, in As-
cidians the released protein exhibits bands at 62 and 70 kDa
(Lambert and Goode, 1992). It seems unlikely that the
PI-PLC-sensitive oolemmal protein in the present study is a
GPI-anchored form of N-acetylglucosaminidase because
sperm–zona binding was not affected by treating zona-
intact eggs with PI-PLC. Further, N-acetylglucosaminidase
does not appear to be GPI-anchored and has been localized
to the cortical granules in mice (Miller et al., 1993) and
therefore would not be susceptible to PI-PLC treatment.
Investigators have shown that a block to polyspermy also
exists in mammals at the level of sperm–oolemma binding
and fusion (Horvath et al., 1993); however, the mechanism
y which this block occurs is unknown. Results from this
tudy demonstrate that when oocytes are treated with
I-PLC, fertilization is blocked and GPI-anchored protein(s)
s released from the oolemma. One model to explain the
bserved results would posit that the GPI-anchored pro-
ein(s) performs a dual role as an oolemmal receptor for
perm and as a mediator of the oolemmal block to
olyspermy. In this model when sperm bind to the GPI-
nchored sperm receptor during the initial sperm–
olemmal interaction, second-messenger pathways might
hen be activated which would result in the rapid release
possibly by endogenous PLC) of the remaining GPI-
nchored sperm receptors from the oolemmal surface, thus
reventing subsequent sperm from binding to the oolemma.
f this hypothesis were correct, then treatment of oocytes
s of reproduction in any form reserved.
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348 Coonrod et al.with exogenous PI-PLC in this study could have blocked
sperm–egg binding and fusion by releasing the GPI-
anchored sperm receptors prior to sperm–egg interaction.
In conclusion, in vitro fertilization studies reported here
demonstrate that the treatment of mouse sperm with
PI-PLC does not affect the ability of sperm to penetrate the
zona pellucida or to the ability of sperm to bind to and fuse
with the oolemma. However, treatment of mouse oocytes
with PI-PLC dramatically reduces the oocytes’ ability to
bind to and fuse with sperm. The effect of PI-PLC on
fertilization was dose-dependent; PI-PLC did not alter the
ability of treated eggs to be artificially activated and did not
affect the ability of beads coated with a6b1 integrin anti-
odies to bind the oolemma. 2-D gel experiments demon-
trate that 70-kDa (pI ;5) and 35- to 45-kDa (pI ;5.5)
rotein clusters are released from the oolemma following
I-PLC treatment. It seems likely that the released GPI-
nchored protein(s) is required for fertilization.
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